The tetraethylammonium salt of the transition-metal complex FeCl 4 − has been examined using inelastic X-ray scattering (IXS) with 1.5 meV resolution (12 cm −1 ) at 21.747 keV. This sample serves as a feasibility test for more elaborate transition-metal complexes. The IXS spectra were compared with previously recorded IR, Raman, and nuclear resonant vibrational spectroscopy (NRVS) spectra, revealing the same normal modes but with less strict selection rules. Calculations with a previously derived Urey-Bradley force field were used to simulate the expected Q and orientation dependence of the IXS intensities. The relative merits of IXS, compared to other photon-based vibrational spectroscopies such as NRVS, Raman, and IR, are discussed.
V ibrational spectroscopy is one of the most fundamental tools for inorganic chemistry. The standard techniques, IR and Raman spectroscopy, are powerful probes of structure and dynamics, and they complement each other with different selection rules. 1 Particle scattering methods, such as inelastic neutron scattering (INS) and high-resolution electron energy loss, also have their merits but have respective requirements for multigram samples or an ultrahigh-vacuum environment. One synchrotron-based technique, nuclear resonant vibrational spectroscopy (NRVS), 2 has shown great potential for the characterization of materials and metalloproteins, but it can only be applied to isotopes such as 57 Fe with appropriate excited-state energies and lifetimes. A second synchrotronbased technique, resonant inelastic X-ray scattering (RIXS), at the moment is limited to several hundred reciprocal centimeter resolution. 3 Here we employ a third synchrotron method, inelastic X-ray scattering (IXS). 4 IXS has previously been applied to pure elements such as carbon in diamond or graphite, 5 binary solid-state compounds such as MgB 2 , MgO, and SiC, 6 complex superconductors, 4c liquids as diverse as water or 3 He, 7 and even DNA and proteins 8 but never to a metal coordination complex.
IXS differs fundamentally from IR, Raman, and RIXS in that it depends on an A 2 term in the Hamiltonian for the interaction of radiation with matter, as opposed to the p·A terms relevant to the other methods (where A is the vector potential and p is the momentum).
9 Whereas X-ray diffraction Bragg peaks derive from coherent elastic scattering of X-rays, IXS derives from the coherent inelastic scattering of X-rays by phonons in a sample. In fact, much of the thermal diffuse scattering (TDS) seen between diffraction peaks is part of the IXS signal, but in a TDS measurement, there is no attempt to energy-resolve that scattering. Thanks to developments in synchrotron radiation sources and X-ray optics, IXS experiments can resolve scattered radiation with an energy resolution of ∼1 meV (8 cm −1 ). As a test of the feasibility and relevance of this technique for inorganic coordination chemistry, we recorded IXS for a crystal of a tetrahedral iron complex: (NEt 4 )(FeCl 4 ). Despite the small cross section and competition with photoabsorption, we were able to record excellent spectra using an established spectrometer.
4c,10 A representative spectrum (acquired in 24 h) is compared with previously recorded NRVS, Raman, and IR data in Figure 1 ; experimental details are provided in the Supporting Information.
For an isolated transition-metal complex in tetrahedral T d symmetry, there are four types of normal modes: A 1 and T 2 stretching motions along with T 2 and E and bending modes. The selection-rule advantage of IXS for seeing these modes, compared to other methods, is clearly visible in Figure 1 , where all four of the expected bands are clearly visible. This is in sharp contrast to the IR, NRVS, and Raman spectra, which are each most sensitive to only two out of the four main features. For example, the bands at 119 and 137 cm −1 can be attributed to the E and T 2 bend modes, respectively. 11 The former is strong in the Raman spectrum, while the latter is more visible in the IR and NRVS spectra, but both bands are strong in IXS. At higher energies, the bands at 330 and 380 cm −1 correspond to the totally symmetric A 1 stretching mode and the T 2 asymmetric stretch. As before, the first band is strong in the Raman spectrum, while the second is mostly visible by IR or NRVS, but both modes are distinct in IXS.
A closer look reveals that the FeCl 4 − asymmetric stretching mode near 380 cm −1 is split. This is clearest in the Raman spectrum, where bands at 376 and 389 cm −1 are resolved. In the room temperature crystal structure, the symmetry of the FeCl 4 − ion is better described as C 3v , with three shorter Fe−Cl bonds at 2.177 Å and one longer Fe−Cl bond at 2.186 Å. Descent in symmetry from T d to C 3v splits the T 2 modes into E and A 1 modes. This splitting is suggested in IXS because the line width of the A 1 region is 12−14 cm −1 (essentially the beamline resolution), while for the T 2 region, it is ∼30 cm −1 . The IXS data in Figure 1 come from just one crystal orientation and scattering angle θ. One strength of this technique is that particular normal modes can be enhanced by the variation of both settings. To illustrate the value of Q-and orientation-dependent IXS for highlighting particular normal modes, we present spectra obtained for different conditions in Figure 2 . (At χ = 0°, the crystal c axis was vertical and the beam was along the a axis. At χ = 45°, the c axis was rotated to make a 45°angle with the beam. The additional curves each took 12 h.)
From the data shown in Figure 2 , it is clear that there is a strong Q dependence on the relative intensities of the IXS bands. For example, for θ = 15°, the stretching bands are ∼3-fold weaker than the bending modes, while for θ = 27°, the T 2 stretch and T 2 bend are of comparable intensity. There are also wide variations within the stretching region. As is shown better in Figure 2 (right), for θ = 15°, the A 1 stretch intensity is 82% of the T 2 intensity, while for θ = 27°, it is reduced to 24%. Finally, there are also significant variations in the relative intensities for a fixed scattering angle. For example, at θ = 27°, rotation of the crystal by 45°about the a axis yields the spectrum with the weakest A 1 band.
With a known crystal structure and force field, all of the observed changes are, in principle, calculable from the welldeveloped theory behind IXS. This theory has been extensively reviewed elsewhere, 4a,12 so before discussing the representative calculated spectra, we merely summarize the key factors that govern IXS intensities. With initial photon energy E i and final energy E f , the phonon energy is given by E = ℏω ≅ E i -E f . As defined in Figure 1 , k ⃗ i , εî, k ⃗ f , and εf are the initial and final photon wavevectors and polarizations, respectively, and for scattering angle θ, the momentum transfer is ℏQ ⃗ = 2ℏ k ⃗ i sin(θ/ 2). The single-phonon cross section for scattering, ∂ 2 σ/∂Ω ∂E, is proportional to S(Q ⃗ ,ω), the "dynamical structure factor". Along with terms accounting for phonon population and polarization effects, S(Q ⃗ ,ω) is, in turn, proportional to the "inelastic structure factor", F in (Q ⃗ ), which involves a summation over all of the atoms in the primitive cell and thus for a particular phonon mode: In the above expression, atom m with mass M m is located at r⃗ m and has X-ray form factor f m (Q) and Debye-Waller factor exp(−w m ). The term e⃗ m n (q⃗ ) is the phonon polarization eigenvector for the direction of motion of atom m in phonon mode n with wavevector q⃗ .
4c Because, as Q → 0, f m (Q) → Z, at small angles the strength of the scattering from a particular atom in a sample will vary approximately as Z 2 . The overall signal strength depends on the product of three terms: f m (Q), Q 2 , and a polarization factor that goes as cos 2 θ. In practice, this product maximizes at Q ≅ 10 Å −1 for many elements. The product e⃗ m n (q⃗ )·Q ⃗ , the projection of the phonon polarization onto the total momentum transfer vector Q ⃗ , plays a critical role in the observed intensities. Thus, the intensities of the IXS signal can be directly related to the motions of particular atoms in a given normal mode 4a,12 projected onto Q ⃗ . Because one can choose different Q ⃗ values by controlling the scattering geometry, IXS can be made more sensitive to particular phonons in a sample. This means that IXS has the flexibility to see all of the normal modes for a transition-metal coordination complex. The appearance of the sum inside the magnitude signs means that the intensity is sensitive to the relative phase of the motions within one primitive cell.
The strength of geometry-dependent IXS for highlighting specific normal modes is illustrated in Figure 3 . As examples, we show the Q dependence for an incident beam along the crystal a axis (with the c axis vertical and a horizontal scattering plane) and IXS for different crystal orientations at fixed Q. One striking result from these simulations is the extreme variability in the intensity of the totally symmetric A 1 stretching mode at 330 cm −1 . Within the range of θ from 24 to 28°, the strength of this mode varies from almost as strong as the T 2 mode to nearly invisible. A similar variability in the relative intensities is observed for different crystal orientations at a fixed scattering angle. From a practical point of view, this ability to enhance or diminish particular normal modes should assist the detailed assignment of vibrational features in complex spectra.
In summary, the current results show that high-quality IXS spectra can be obtained for a transition-metal complex in a few hours at a third-generation synchrotron radiation source. IXS intensities are amenable to straightforward calculation from a given structure and force field, with none of the complexities involved in the calculation of IR or Raman spectra. Compared to NRVS, IXS has the advantage of applicability to any element in the periodic table, and compared to INS, IXS requires orders of magnitude less material. The Q dependence allows one to enhance the visibility of particular normal modes. There is also a benefit from the orientation dependence of single-crystal spectra, but it has been shown by others that powder spectra are also informative.
12b Although it has the limitations of a bulksensitive technique, there should be many applications in coordination chemistry where selection rules or other constraints preclude the use of more conventional vibrational methods and where IXS will shine as a technique that allows any desired normal mode to be observed.
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